Sustainable management of agroecosystems is required in order to produce more food to feed the growing global population with less environmental costs. The management strategies have to be developed based on local soil and climatic conditions and for specific stakeholders' interests. In this study, we developed a framework to analyse optimal nitrogen (N) requirement for targeting different levels of crop yield and/or climate change mitigation. The Agricultural Production Systems sIMulator (APSIM) was applied at nearuniformly distributed multiple sites to simulate wheat yield in response to N applications, with the aggregated results tested against the national-level data in Australia. The calibrated model was applied to identify the optimal N management for different targets. Thereafter, correlation analysis was performed to quantify the relationships between N demand, yield and climate change mitigation potential (CCMP) and soil and climate variables. The CCMP was defined as the net soil carbon (C) change minus nitrous oxide (N2O) emissions in CO 2 equivalents (Mg CO 2 -eq ha
).
At the national scale, the aggregated modelling results could well predict the average wheat yield and soil C change under the current N fertilizer input level. Simulation results with different N application rates indicated that wheat yield could be considerably increased by up to 70% (from 1.8 to 3.0 Mg ha -1 ) by increasing N fertilizer input comparing to the current practice. To achieve 90% of the maximum yield, an average N input of 110 kg ha -1 yr -1 was required across the wheat growing regions, which was ~80 kg ha -1 yr -1 higher than the current N fertilizer application rates. If we targeted the maximum CCMP per unit area and per unit yield, the simulation results also showed a requirement of increased N input compared to the current level, which could result in a wheat yield level similar to or higher than 90% of the maximum yield. Importantly, such increased N input also led to a substantial decrease in net GHG emissions as compared to the current N management.
INTRODUCTION
To meet the increasing global demand for food, feed, fibre and fuel, a 70% increase in agricultural production by 2050 is required (Foley et al., 2011; Tilman et al., 2011; Garnett et al., 2013) . However, agricultural development has had significant negative effect on environment, including degradation in water quality, greenhouse gas emissions (GHG), soil acidification and soil structural degradation (Robertson et al., 2000; Moss, 2008) . Thus sustainable agricultural intensification is required to simultaneously increase crop production and reduce environmental costs. The suitable management strategies for such intensification should be site-specific due to variation in soil and climatic conditions.
Wheat is one of the main food crops in most countries, and wheat planting area is the largest globally, compared to other crops (Portmann et al., 2010; FAO, 2015) . In 80 of the 127 countries producing wheat, including Australia, where the input is relatively low, current yields are relatively low and are below the world average of 2.97 Mg ha -1 (FAO, 2015) . The corresponding area harvested is ~2. on average) where yield is above the average (FAO, 2015) . There is a positive correlation between yield and N fertilizer use, suggesting that better N management, and increased N use efficiency, has the potential to increase the global wheat yield. In addition, high yield means high production of crop residue and if retained, it should enhance soil carbon (C) sequestration. However, increasing N fertilizer application can result in increased nitrous oxide (N 2 O) emissions from soil, which may off-set the mitigation benefits that increased yield generates through C sequestration (Liu and Greaver, 2009; Zaehle et al., 2011) . The responses of yield, C sequestration and N 2 O emissions to fertilizer management should be systematically quantified in order to evaluate management options that could advance crop yield while mitigating climate change.
In this study, we identified the N demand for given specific crop yield and/or climate change mitigation targets in Australian wheat systems using a system modelling approach. Correlation analysis was conducted to link N demand, wheat yield and climate change mitigation potential (CCMP) with soil and climate conditions. The objectives was to identify the best N fertilizer input rates for various targets of crop yield and climate change mitigation, and assess the underlying controls over the spatial variability in the indentified N application rates, crop yield and climate change mitigation potential.
MATERIALS AND METHODS

Data sources
The main data sets include soil profile data at 613 sites and daily weather data from sites at or close to the soil profile sites. The data sets have been described in detail in Luo et al. (2013) . These sites were near-uniformly spread in Australian cereal-growing regions.
The APSIM model and simulations
We used the APSIM model (Keating et al., 2003; Holzworth et al., 2014) to simulate a continuous wheat system for 100 years at each site, with a major focus on crop yield, soil C dynamics and N 2 O emissions. The capability of APSIM to simulate soil C dynamics, crop yield and N2O emissions have been verified under different cropping and management systems at many locations and over long time periods. This forms the basis for us to use the model in current study. The wheat crop was sown every year depending on rainfall (>= 20 mm in five successive days). If the rainfall condition was not met, the crop was sown on the end date of the sowing window. Wheat cultivar was assigned according to sowing date-the earlier the sowing date, the later the maturity type of the wheat cultivar. For simplification, three cultivars representing early, middle and later maturing varieties were selected for the modelling. Crop residues (stem plus leaf) after harvest were retained in the system, representing a common conservation agriculture residue management practice.
To cover the possible fertilizer application rates and identify the best N requirement for crop yield and/or climate change mitigation (e.g., sequestering C into the soil and/or reducing N2O emissions), simulations were carried out under an N fertilizer application scenario of 0-250 kg N ha increments. In all except the non-fertilizer application scenario, 25 kg N ha -1 was applied as a base fertilizer incorporated into soil at time of sowing, with any additional N being applied at the stem elongation stage as top-dressing (broadcast).
Calculation of climate change mitigation potential
The 100-year simulations was discriminated into 100 time periods (i.e., from one year to 100 years). For each of the 100 time periods, under each of the 11 fertilizer application rates, we calculated the annual climate change mitigation potential (CCMP). It is calculated as soil C change minus N 2 O emissions in CO 2 equivalents (Mg CO 2 -eq ha -1 yr -1 ) using warming potentials of 298 for N 2 O (IPCC, 2013). Positive and negative CCMP indicate the system is a net sink and source of atmospheric CO 2 -eq, respectively. Soil C change was calculated as the difference between soil C amount after t (=1, 2, 3,…,100) years of simulation and soil C amount at the start of the simulation. Negative and positive change suggests the soil is a source or sink of atmospheric CO 2 , respectively. Nitrous oxide emissions include direct emissions from the soil and indirect emissions from atmospheric deposition of N volatilised from the soil as well as from N leaching/runoff. Direct N 2 O emission was predicted using the APSIM model. For the indirect emissions resulting from N volatilization and N leaching/runoff, we adopted the IPCC approach (De Klein et al., 2006) .
Identification of the optimal N management
The baseline for subsequent comparisons was the current practice. We simulated wheat yield across the sites under current N input level (which was collected from the Agricultural Commodities database). The simulated average yield was compared the yield records in the Agricultural Commodities database. Based on the simulations with different N application rates, we then identified the N application rates corresponding to the targets of 90% of the simulated maximum yield, the maximum CCMP per area and maximum CCMP per unit yield. For each target, N demand, crop yield and CCMP for each site were calculated. Then, the averages and the 95% confidence intervals (CI) of N demand, crop yield and CCMP were estimated by drawing 5,000 bootstrapping samples from the simulations at the 613 sites. These estimates were compared to the baseline case, and the differences were calculated.
Environmental drivers for the variation in N demand, crop yield and CCMP
N demand, crop yield and CCMP varied widely across the 613 sites. We hypothesized that the variation could be explained by climate and soil conditions, and focused on four attributes: annual average rainfall and temperature, plant available water capacity of the soil, and initial soil organic carbon content. These attributes are the primary factors influencing yield, soil C dynamics and/or N 2 O emissions. Across the 100-year simulation, we hypothesized that N demand, crop yield and CCMP over which we set the targets change over time. In addition, we assumed that the effects of the four climate and soil attributes are different at different time scales.
To test these hypotheses, a linear mixed effects analysis was performed (Gelman and Hill, 2006; Qian et al., 2010) , treating the four climate and soil attributes as fixed effects and the time period as a random effect. Before conducting the analysis, all predictors except the time period were standardized using z-scores (i.e., subtracting the mean and dividing by the standard deviation). The coefficients estimated based on z-scores have the advantage of indicating the relative importance of the predictors: the greater the absolute value of coefficient of the predictor, the more important is the predictor.
RESULTS
Simulation results with different N application rates indicated that wheat yield could be considerably increased by increasing N input rate (i.e., addition N demand) from the current level (Fig. 1a, b) . At the national level, matching N input to achieve 90% of the maximum yield could increase average Australian wheat by ~1. (Fig. 1a) . The impact of such an increase in N input on CCMP depended on the time period for which the yield target was maintained (Fig. 1c) . Maintaining current yield under current N management, the system was a continual source of atmospheric CO 2 -eq because of soil C decline and N 2 O emissions (Data not shown). Compared with the current N management, higher N input targeting 90% of the maximum yield, increased CCMP in medium term (around 20 years), but decreased CCMP over the longer term (> 50 years, Fig. 1c ).
If we targeted the maximum CCMP per unit area and per unit yield, the simulation results indicated that more N was required in medium term of less than 20 years (Fig. 1a) . This further increase in N input resulted in predicted wheat yields comparable to, or even higher than 90% of the maximum yield (Fig. 1b) . Importantly, increased N input resulted in a substantial decrease in net GHG emissions (i.e. much higher CCMP as showed in Fig. 1c ) compared to that under current N management and the N management targeting 90% of the maximum yield (Fig. 1c) . However, N input has to be adjusted to suit the chosen time period of the two CCMP targets (Fig. 1a) . In general, the N demand shows an asymptotic decrease with time, with a commensurate small loss of yield (Fig. 1b) . Across the 613 studied sites, the N demand, wheat yield and CCMP varied widely under all four targets (data not shown). We assessed the effects of soil and climatic variables and the years of simulation on N demand, yield and CCMP under the target of minimizing GHG emission. The results indicated that rainfall and PAWC had significant positive effect on simulated N demand and yield (Table 1) . However, rainfall had negative effect on CCMP. Compared with rainfall, the effects of temperature on N demand and yield were relatively neutral (Table 1) .Soil organic C content had significant positive effect on yield. For CCMP, soil organic C content had a negative effect. N demand, yield and CCMP were negatively correlated with the length of the simulation (Table 1) . 
DISCUSSION AND CONCLUSIONS
Our results demonstrate that in low input cropping systems, N management targeting the maximum CCMP (per area or per unit yield) can also increase crop production. Although our study only focused on the wheat systems in Australia, the results should be applicable to other cropping systems and regions as the dominant effect of nutrient availability on crop growth can be generalized, as can the processes controlling soil C dynamics and N 2 O emissions as simulated in this study. Poor and developing countries, often afflicted by hunger and poverty, comprise the majority of the low-input cropping regions. Increasing N input in those regions could help meet food demand, reduce the pressures for land clearing and poorly planned agricultural expansion, and help mitigate climate change. In contrast, rich, developed and/or fast developing countries have sometimes adopted intensive or even excessive use of fertilizers, inducing serious environmental problems such as acidification and eutrophication (Bouwman et al., 2002; Guo et al., 2010) . Exploiting the benefits of fertilizers and transferring the relevant technologies to those poor regions (e.g., achieving high N use efficiency) has the potential to increase food production as well as help mitigate climate change at the global scale. To design appropriate farm-level N management strategies it is important to consider the water availability, temperature, soil water holding capacity, and soil organic C content at the local scale, along with local yield and climate change mitigation targets.
